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LHC NOW?
 Observation of the Higgs-like particle ?!!
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LHC NOW?
 If the Higgs 

boson is a SM-
like one, it gives 
more to a guy 
than itself. That 
is ...
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TOP QUARK: KING OF THE STANDARD MODEL

 Heaviest quark in the SM : 
     sensitive to symmetry breaking

 Only fermion with “natural” 
     Yukawa coupling

 “Bare” quark: decay rapidly via 
     EW interaction
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  Top quark spin information is well 
retained among its decay products
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TOP AFB FROM TEVATRON
 A charge asymmetry from NLO correction in the SM 
 Is there any intuitive physical picture to understand it? (PRD83, 112003)• Charge Asymmetry of Top Pair

• Charge asymmetry observed at Tevatron

recently

• V. M. Abazov et al.  2008 D0  

• T. Aaltonen et al. 2008 CDF

• SM:  Asymmetry caused by interference

of the amplitudes for same final state
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• Predictions in parton rest frame

• tt (general) SM

• ANLO =4-5%

• ALO =0%

• tt+g SM

• ANLO =-(0-2)%

• ALO =-(9-10)%

• Axigluon: A = -2%

• t-channel Z’: A= 18%

Kuhn, et al., 1998

Dittmaier, et al., 

2007

Kuhn, et al., 2008

S. Jung, et al., 2009

Test the SM predictions in top 

pair production observable

Significant deviation would 

be an indication for new 

physics, e.g. Z’ or axiglion

t

t̄

P̄
q̄(q)

q(q̄)
P
P (q)

two cases are shown in Fig. 1. The total inclusive asym-
metry is the sum of these opposing contributions. An
intuitive picture of the first effect is that the QCD soft
gluon field of an incoming light quark ‘‘repels’’ the t quark
to larger (more positive) rapidities, while ‘‘attracting’’ the !t
to smaller (more negative) rapidities, thus creating a posi-
tive asymmetry at large y, as defined by the quark direction
[25]. (Of course, the pushing and pulling refers to correc-
tions to the amplitude and not to actual momentum trans-
fers.) The second effect can be pictured in terms of color
flow: if the top (antitop) quark is produced in the backward
(forward) region, this corresponds to a large acceleration of
the color charges, leading to a greater probability of gluon
bremsstrahlung and thus the production of a t!tþ jet event.

Predictions for the NLO QCD asymmetry are derived
using version 5.7 of MCFM with CTEQ6.1(NLO) [18] and
Mt ¼ 172:5 GeV=c2. The inclusive forward-backward
asymmetry in the t!t rest frame is found to be At!t ¼ 0:058#
0:009. In the laboratory frame the top quark rapidities are
broadened by the varying boost of the t!t system along the
beam line, and the inclusive asymmetry is diluted to Ap !p ¼
0:038# 0:006. Our MCFM predictions are in accord with
other recent calculations [1–3]. These predictions are for
top quarks as they emerge from the q !q collision, before any
modifications by event selection, detector acceptance, and
resolution. We will call this the parton-level. Based on our
own studies of scale dependence in MCFM and also the
studies in the references above, we assign a 15% relative
uncertainty to all NLO MCFM predictions.

An NLO calculation for inclusive t!t production is a LO
calculation for the production of a t!tþ jet final-state, and
thus a LO calculation for the asymmetry in final states
containing an extra jet. We note that a new NLO calcula-
tion for t!tj production (and thus for the asymmetry for this
final-state) suggests that the (negative) asymmetry in this
final-state is greatly reduced from that predicted by the LO
calculation [26]. However, this new result for the t!tj
asymmetry can be incorporated into an analysis for the
asymmetry for inclusive t!t production only within the
context of a full NNLO calculation. Such calculations are
underway but are not complete. Threshold resummation
calculations indicate that the inclusive asymmetry at
NNLO should not differ greatly from that predicted
at NLO [1,25]. In this paper, we compare to the NLO

predictions for t!t production. We include a 15% scale
dependence uncertainty, but note that there is an overall
unknown systematic uncertainty on the theoretical predic-
tion pending the completion of the NNLO calculation
In the near-threshold form of the cross section [1] the t!t

frame asymmetry can be seen to increase with the top
quark production angle and velocity (!), and these are
thus key variables for understanding the source of the
asymmetry. In this analysis, the proxies for these variables
are the top quark rapidities and the mass Mt!t of the t!t
system. Measurements of the rapidity and mass depen-
dence of At!t are described in Sec. VI and VII.

B. NLO QCD Simulation with MC@NLO

We use the event generator MC@NLO to create a simu-
lated sample that includes the QCD asymmetry as pre-
dicted by the standard model at NLO. In addition to
including the asymmetric processes this generator properly
estimates the amount of gg, and thus the dilution of the
asymmetry from these symmetric processes.
Some naming conventions for data-to-simulation com-

parisons are given in Table II. All of our Monte Carlo (MC)
based studies will use the same conventions: the truth
information is the parton-level; the pure top signal after
simulation, selection, and reconstruction is the t!t level, and
the full prediction including backgrounds is t!tþ bkg level.
In the case of real data, the reconstructed leptonþ jets
sample is the data, subtracting the backgrounds from the
data yields the reconstructed t!t signal-level, and correcting
the signal-level for acceptance and resolution produces a
measurement at the parton-level.
The MC@NLO predictions for the asymmetries at various

levels of simulation are shown in Table III. The uncertain-
ties include the Monte Carlo statistics and the NLO theo-
retical uncertainty. The parton-level MC@NLO asymmetries
are consistent with MCFM, as expected. After CDF detector
simulation, event selection, and reconstruction, the asym-
metries in the MC@NLO t!t signal are significantly reduced.
In the laboratory frame, the expected asymmetry at the
reconstructed t!tþ bkg level is consistent with zero.
We will see in Sec. V that the statistical error on Ap !p and

At!t in the current data set is 0.028. Table III shows that,
even after background subtraction, the central values of the
expected asymmetries are smaller than the experimental

TABLE II. Naming conventions for data and simulation
samples.

sample level definition comparable to

data data reco lþ jets
data signal data minus bkg t!t in data
data parton corrected signal t!t at creation

MC t!tþ bkg reco t!tþ bkg data
MC t!t reco t!t no bkg data signal
MC parton truth level data parton

FIG. 1. Interfering q !q ! t!t (above) and q !q ! t!tj (below)
amplitudes.

EVIDENCE FOR A MASS DEPENDENT FORWARD- . . . PHYSICAL REVIEW D 83, 112003 (2011)

112003-7
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TOP AFB FROM TEVATRON

 The CDF collaboration’s results (CDF Note 10807)

There is still nearly 3σ discrepancy from the SM 
prediction.

21

CDF Run II Preliminary L = 8.7 fb−1

Parton Level Data NLO (QCD+EW) tt̄
Mtt̄ AFB (± stat. ± syst.) AFB

< 450GeV/c2 0.078 ± 0.048 ± 0.024 0.047
450− 550GeV/c2 0.256 ± 0.063 ± 0.028 0.090
550− 650GeV/c2 0.366 ± 0.085 ± 0.083 0.117
≥ 650GeV/c2 0.493 ± 0.159 ± 0.076 0.143
< 450GeV/c2 0.078 ± 0.048 ± 0.024 0.047
≥ 450GeV/c2 0.296 ± 0.059 ± 0.031 0.100

Data NLO (QCD+EW) tt̄
Slope αMtt̄

of Best-Fit Line (15.6 ± 5.0)× 10−4 3.3× 10−4

TABLE XVII: Measured and predicted parton level asymmetries as a function of Mtt̄.

CDF Run II Preliminary L = 8.7 fb−1

Parton Level NLO (QCD+EW) tt̄ 5.3 fb−1 8.7 fb−1

|∆y| AFB AFB (±[stat.+syst.]) AFB (±[stat.+syst.])
Inclusive 0.066 0.158 ± 0.074 0.162 ± 0.047

< 1.0 0.043 0.026 ± 0.118 0.088 ± 0.047
≥ 1.0 0.139 0.611 ± 0.256 0.433 ± 0.109

Parton Level NLO (QCD+EW) tt̄ 5.3 fb−1 8.7 fb−1

Mtt̄ AFB AFB (±[stat.+syst.]) AFB (±[stat.+syst.])
< 450GeV/c2 0.047 -0.116 ± 0.153 0.078 ± 0.054
≥ 450GeV/c2 0.100 0.475 ± 0.112 0.296 ± 0.067

TABLE XVIII: Differential parton level asymmetries compared to the 5.3 fb−1 analysis.

direct comparison with theoretical predictions, finding an inclusive parton level asymmetry of 0.162± 0.047 and a

linear mass dependence AFB(Mtt̄) with slope (15.6± 5.0)× 10−4 compared to the 3.3× 10−4 in the NLO standard

model.
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TOP AFB FROM TEVATRON

 D0 collaboration top asymmetry (PRD84, 112005)

fitted asymmetries are higher than predicted in all of these
samples, except for the lþ " 5 jet sample.

Contributions from physics beyond the SM can modify
the dependence of AFB on the kinematics of the t!t system.
For example, the presence of a heavy mediator in the s
channel of t!t production could enhance the dependence of
the AFB on the invariant mass of the t!t system (mt!t), while
contributions from t-channel production [31] and from box
diagrams could also enhance its dependence on j"yj.

The recent CDF measurement [9] found an enhanced
asymmetry in regions with high mt!t and in regions with
large j"yj. MC@NLO predicts that the asymmetry is en-
hanced for highmt!t and for large j"yj, but by amounts that
are small compared to the current experimental precision.
In Table III we summarize our measurement of these
dependencies. We do not find any statistically significant
dependencies.

VI. MEASURING THE PRODUCTION AFB

In the previous section we discussed the measurement of
the t!t asymmetry at the reconstruction level. This quantity
is necessarily detector specific, which makes the interpre-
tation of the result as well as comparison to theory and to
other experiments problematic. It is therefore desirable to
infer the asymmetry at the production level by correcting
for (‘‘unfolding’’) the effects of detector resolution and
acceptance on the observed asymmetry.

Only the numbers of events produced with positive and
negative "y are relevant for the calculation of the asym-
metry. The migration of events within these categories, due
to the finite experimental resolution in "y, does not affect
the reconstructed asymmetry. Thus, to present the result in
terms of the t!t production asymmetry requires an accurate
correction of the migration across the boundary ("y ¼ 0).
The importance of this correction grows with the fraction
of events that fall within the detector resolution of the
boundary. For "y this fraction is $ 20%, to be contrasted
with $ 10% for the rapidity of the hadronic top quark as
used in Ref. [9], and with $ 0:1% for the lepton rapidity.

We first bin the distributions of "y at the production and
reconstruction levels. The migrations from one "y bin to
another are described through a two-dimensional matrix,
and the acceptance through a diagonal matrix. To accu-
rately describe the migration between events with positive
and negative "y, it is desirable to have fine binning in the
region where the probability to misreconstruct the sign of

"y changes rapidly, that is, near "y ¼ 0 [7]. Fine binning
is less important at large j"yj. Coincidentally, the large
j"yj region has lower statistics both in data and simulation,
thereby limiting the precision of the migration matrix,
which is derived from simulated events. To reduce this
effect, we use bins of variable size, increasing toward large
j"yj. We bin the "y distribution in 50 bins at the recon-
struction level and in 26 bins at the production level.
In general, unfolding histograms where the bin width is

smaller than the experimental resolution is unstable with
respect to statistical fluctuations in the data. Regularization
techniques are employed to suppress such fluctuations by
smoothing the unfolded results [32].
We find the generated "y distribution using a regular-

ized unfolding, and then summarize this distribution into
the AFB observable according to Eq. (2). The unfolding is
implemented using the TUNFOLD software [33], which we
modified to account for variable bin widths.
In Ref. [8,9] the need for an explicit regularization is

avoided by using wide bins in "y with boundaries at "y ¼
%3, %1, 0, 1, and 3. The unfolding then reduces to invert-
ing a 4-by-4 matrix. This implicit regularization averages
out migrations (and acceptance) in the wide "y range of
each bin, with the disadvantage that the migration across
the "y ¼ 0 boundary is underestimated for events near
"y ¼ 0 while it is overestimated for events near the outer
edges of the central bins.
Since the regularization suppresses the badly measured

components of the data, it can also suppress part of the t!t
production asymmetry. We calibrate the unfolding using
ensembles of pseudo-data sets (PDSs). Each PDS is gen-
erated including signal and background contributions and
is unfolded using the same procedure as for D0 data. We
use the "y distribution of t!t events predicted by MC@NLO

and a wide variety of distributions inspired by the scenarios
beyond the SM, which were listed in the introduction. We
choose a regularization strength that balances the statistical
strength of the measurement and its model dependence. We
find that the unfolded asymmetries are smaller than the
input values by a multiplicative factor of 0:93& 0:05,
where the uncertainty covers the various scenarios with
AFB > 5% and the SM scenario. All values and uncertain-
ties given for the unfolded AFB are corrected for this bias,
and the uncertainty in this factor is propagated to the result.
We estimate the statistical uncertainty on the unfolded

asymmetry from its rms in an ensemble based on the
MC@NLO prediction. The regularized fine-bin unfolding
results in a statistical uncertainty on AFB of 6.0%, while

TABLE III. Reconstruction-level AFB by subsample.

AFB (%)
Subsample Data MC@NLO

mt!t < 450 GeV 7:8& 4:8 1:3& 0:6
mt!t > 450 GeV 11:5& 6:0 4:3& 1:3
j"yj< 1:0 6:1& 4:1 1:4& 0:6
j"yj> 1:0 21:3& 9:7 6:3& 1:6

TABLE IV. "y-based asymmetries.

AFB (%)
Reconstruction level Production level

Data 9:2& 3:7 19:6& 6:5
MC@NLO 2:4& 0:7 5:0& 0:1

V.M. ABAZOV et al. PHYSICAL REVIEW D 84, 112005 (2011)

112005-8

chosen by the constrained kinematic fit; (b) transverse
momentum of the leading b-tagged jet; (c) kmin

T ¼
minðp1

T; p
2
TÞ $ !R12, where !R12 is the distance in the

!%" plane between the two closest jets, and p1
T and p2

T
are their transverse momenta; (d) the invariant mass of the
jets assigned to the W ! q "q0 decay in the kinematic fit,
calculated using kinematic quantities before the fit. #2 and
Mjj indicate how well the event matches the t"t ! lþ jets
hypothesis. Jets in W þ jets and MJ background are often
due to a hard gluon emitted from a final state parton; such
jets tend to have low kmin

T values. Lastly, pLB
T exploits the

kinematic differences between b jets from top decays and
those from gluon splitting in W þ jets and MJ events.

The amounts of t"t,W þ jets, and MJ background shown
in the figures are taken from the fit described below.

The composition of the data sample and the recon-
structed AFB are extracted simultaneously using a maxi-
mum likelihood fit to the distributions of the discriminant
and sgnð!yÞ. The following four samples are used to
construct the templates for the fit:
(i) simulated t"t events with !y > 0 (the t quark is

reconstructed as more forward than the "t quark),
(ii) simulated t"t events with !y < 0 (the "t quark is

reconstructed as more forward than the t quark),
(iii) simulated W þ jets events, and
(iv) a control data sample that has been enriched in MJ

production by inverting the lepton isolation require-
ments [16].

The distribution of the discriminant is the same for both t"t
templates. The normalization of the MJ background is
evaluated using data based on the probability of a jet to
satisfy the lepton quality requirements [16]. The likelihood
maximized in the fit relates the relative normalization of
the first two templates to AFB, so that the fitted AFB

describes the reconstruction-level asymmetry after back-
ground subtraction.
Table II summarizes the results of maximum likelihood

fits to the full data set and to several subsamples selected
based on lepton flavor and on the number of jets in the
event. Templates are derived separately for each subsam-
ple. The distributions of the discriminant are shown in
Fig. 2 and the distribution of !y is shown in Fig. 3. The

TABLE II. Numbers of events in data, results of fits for sample composition and AFB, and predictions for AFB. The asymmetries are
given at reconstruction level, with their total uncertainties. The sample compositions are given with the fit uncertainties.

lþ ' 4 jets eþ ' 4 jets $þ ' 4 jets lþ 4 jets lþ ' 5 jets

Raw NF 849 455 394 717 132
Raw NB 732 397 335 597 135

Nt"t 1126( 39 622( 28 502( 28 902( 36 218( 16
NWþjets 376( 39 173( 28 219( 27 346( 36 35( 16
NMJ 79( 5 56( 3 8( 2 66( 4 13( 2
AFB (%) 9:2( 3:7 8:9( 5:0 9:1( 5:8 12:2( 4:3 %3:0( 7:9

MC@NLO AFB (%) 2:4( 0:7 2:4( 0:7 2:5( 0:9 3:9( 0:8 %2:9( 1:1
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FIG. 2 (color online). The discriminant for events with
(a) !y < 0 and (b) !y > 0.
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FIG. 3 (color online). The reconstructed !y. Bin widths cor-
respond to about half of the detector resolution in !y.

FORWARD-BACKWARD ASYMMETRY IN TOP QUARK- . . . PHYSICAL REVIEW D 84, 112005 (2011)
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TOP AFB FROM TEVATRON

 D0 collaboration also measures the lepton charge 
asymmetry! (PRD84, 112005)

either a lepton (e or !) or a lepton and a jet. To select
eþ jets events we require:

(i) one isolated electron with pT > 20 GeV and j"j<
1:1,

(ii) 6ET > 20 GeV, and
(iii) !#ðe; 6ETÞ> ð2:2$ 0:045 % 6ET=GeVÞ radians.

For !þ jets events, we impose the following criteria:
(i) one isolated muon with pT > 20 GeV and j"j< 2:0,

25 GeV< 6ET < 250 GeV,
(ii) !#ð!; 6ETÞ> ð2:1$ 0:035 % 6ET=GeVÞ radians, and
(iii) ðp!

T þ 6ETÞ2 $ ðp!
x þ 6ExÞ2 $ ðp!

y þ 6EyÞ2 <
ð250 GeVÞ2, where the indices x and y refer to the
two coordinates in the plane transverse to the
beams.

The last requirement is designed to suppress the contribu-
tion from mismeasured muon momentum associated with
large 6ET . We also veto events with a second isolated
electron or muon in the final state.

Events with at least four jets, each with pT > 20 GeV
and j"j< 2:5, are accepted for further analysis. The lead-
ing jet, i.e., the jet of highest pT , is required to have pT >
40 GeV. As in Ref. [16], we minimize the effect of mul-
tiple collisions in the same bunch crossing by requiring that
jets have at least two tracks within the jet cone pointing
back to the PV. We also require that at least one of the four
leading jets is identified as a b jet.

The main background after this event selection is from
the production of W bosons in association with jets (W þ
jets). There is a small contribution from multijet (MJ)
production, where jets are misidentified as leptons. Other
small backgrounds from single top quark and diboson
production are insignificant for this analysis [7]. We use
the MC@NLO event generator [18] combined with HERWIG

showering [19] to model the behavior of t"t events,
and ALPGEN [20] combined with PYTHIA [21] to simulate
the W þ jets background. The events generated by the
Monte Carlo (MC) programs are passed through the D0
detector simulation [12] and the same reconstruction that
was used for data. To model energy depositions from noise
and additional p"p collisions within the same bunch cross-
ing, data from random p"p crossings are overlaid over the
simulated events. The properties of the MJ background are
evaluated using control samples from D0 data.

B. Kinematic reconstruction

The kinematic characteristics of each t"t event are deter-
mined from the decay products through a constrained kine-
matic fit to the t"t hypothesis [22]. In the kinematic fit, the
energies and angles of the detected objects are varied
and the most likely jet-parton assignment is identified
by minimizing a $2 function based on the experimental
resolution. Since the resolution on 6ET is much worse than
on any other reconstructed object, we do not include

a constraint from 6ET in the $2 calculation. In the fit, the
lepton momentum and 6ET , as well as energies of two of the
jets, are constrained to combine to objects with invariant
masses of 80.4 GeV, the mass ofW boson. Additionally, the
invariant masses of the hadronic and leptonic top quark
candidates, each a combination of detected objects, are
constrained to be 172.5 GeV [23].
The four leading jets are considered in the kinematic fit.

The b-tagging information is used to reduce the number of
jet assignments considered in the kinematic fit by requiring
that a b-tagged jet can only be assigned to b quarks from
top quark decay.
We retain the events in which the kinematic fit converges

and further analyze the most likely jet-parton assignment
for each event. The kinematic fit converges more than 99%
of the time. It identifies the correct assignment in& 70% of
the simulated events where each quark from t"t decay yields
one of the jets considered in the kinematic fit. The distri-
bution of the minimal $2 is presented in Fig. 1(a) and
shows good agreement between data and simulation.

C. Defining the asymmetries

We define the difference in rapidities between the top
quark and antitop quark,

!y ¼ yt $ y"t ¼ qlðyt;lep $ yt;hadÞ; (1)

where ql is the charge of the lepton, and yt;lep (yt;had) is the
rapidity of the leptonic (hadronic) top quark. The corre-
sponding forward-backward asymmetry is

AFB ¼ NF $ NB

NF þ NB
; (2)

where NF is the number of ‘‘forward’’ events with !y > 0,
and NB is the number of ‘‘backward’’ events with !y < 0.
The rapidity difference is invariant under boosts along the
beam axis, and AFB corresponds to the asymmetry in the t"t
rest frame.
In addition, we consider an asymmetry based on the

charge and rapidity (yl) of the electron or muon originating
from the W boson from top quark decay,

Al
FB ¼ Nl

F $ Nl
B

Nl
F þ Nl

B

; (3)

where Nl
F is the number of events that have qlyl > 0, and

Nl
B is the number of events with qlyl < 0.
The numbers of events and the asymmetries can be

defined at the ‘‘production level,’’ yielding the generated,
inclusive asymmetries that are comparable to the QCD
calculations. They can also be defined after event selection
and reconstruction: we report the ‘‘raw’’ numbers of for-
ward and backward data events before background subtrac-
tion, and also the ‘‘reconstruction level’’ t"t asymmetries.
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the coarse-bin matrix inversion technique [8,9] results in a
statistical uncertainty of 7.7%. The results of the fine-bin
unfolding are given in Table IV. For comparison, the 4-bin
unfolding procedure yields AFB ¼ ð16:9# 8:1Þ%, with the
statistical and systematic uncertainties combined.

The difference between measured and predicted asym-
metries at the production level has a statistical significance
that corresponds to 2.4 SD, while it is 1.9 SD at the
reconstruction level. Given the SM hypothesis, the proba-
bility to have this or a larger difference in significance
between the reconstruction and production levels is 43%.

VII. MEASURING THE LEPTON-BASED
ASYMMETRY

An alternative to measuring and unfolding AFB is to
measure the asymmetry Al

FB, defined in Eq. (3). The pro-
cedure to measure Al

FB at the reconstruction level is iden-
tical to that for AFB. Figure 4 shows the distribution of qlyl.
In simulated t!t events, the correlation between qlyl and the
reconstructed "y is 38%. Background subtraction is per-
formed using a fit for events selected with an additional
requirement of jylj< 1:5, as described below. The results
of the fit are given in Table V.

Lepton reconstruction offers excellent angular resolu-
tion and accurate determination of electric charge, making
migrations and their corrections negligible. By measuring

this observable we therefore avoid the complications
encountered in measuring AFB, due to significant migration
in "y.
Correcting for detector effects thus reduces to weighting

each qlyl bin by an acceptance factor, which is the inverse
of the selection probability. Acceptance drops rapidly for
1:1< jylj< 2, where coverage is available only in the
muon channel. To avoid a large spread in the weights,
which would increase the statistical uncertainty, we mea-
sure Al

FB using only events with jylj< 1:5.
We correct for acceptance in 48 equally spaced bins, and

the results are presented in Table VI. As in the previous
section, statistical uncertainties are obtained from ensem-
bles generated according to MC@NLO predictions.

VIII. SYSTEMATIC UNCERTAINTIES

We consider multiple sources of systematic uncertainty.
We vary the modeling according to the evaluated uncer-
tainty on each source and then propagate the effect to the
final result. Systematic uncertainties from different sources
are added in quadrature to yield the total systematic un-
certainties. In Tables VII and VIII we list the systematic
uncertainties in the following categories:
(i) Jet reconstruction (reco): this includes the jet recon-

struction and identification efficiencies, as well the
efficiency of the two tracks requirement described in
Sec. III. We also include the effect of the multiple p !p
collisions within the same bunch crossing that can
yield additional jets. The efficiencies in simulation
are set equal to those measured in data using a dijet
sample.

(ii) Jet energy measurement: the jet energy scale (JES)
is measured using dijet and photonþ jet samples

TABLE V. Numbers of events in data, results of fits for sample composition and Al
FB, and predictions for Al

FB. The asymmetries are
given at reconstruction level, with their total uncertainties. The sample compositions are given with the fit uncertainties.

lþ & 4 jets eþ & 4 jets !þ & 4 jets lþ 4 jets lþ & 5 jets

Raw Nl
F 867 485 382 730 137

Raw Nl
B 665 367 298 546 119

Nt!t 1096# 39 622# 28 474# 27 881# 36 211# 16
NWþjets 356# 39 173# 28 198# 27 323# 36 31# 16
NMJ 79# 5 56# 3 8# 2 66# 4 14# 2
Al
FB (%) 14:2# 3:8 16:5# 4:9 9:8# 5:9 15:9# 4:3 7:0# 8:0

MC@NLO Al
FB (%) 0:8# 0:6 0:7# 0:6 1:0# 0:8 2:1# 0:6 '3:8# 1:2
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FIG. 4 (color online). The reconstructed charge-signed lepton
rapidity.

TABLE VI. Lepton-based asymmetries.

Al
FB (%)

Reconstruction level Production level

Data 14:2# 3:8 15:2# 4:0
MC@NLO 0:8# 0:6 2:1# 0:1

FORWARD-BACKWARD ASYMMETRY IN TOP QUARK- . . . PHYSICAL REVIEW D 84, 112005 (2011)

112005-9

the coarse-bin matrix inversion technique [8,9] results in a
statistical uncertainty of 7.7%. The results of the fine-bin
unfolding are given in Table IV. For comparison, the 4-bin
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bility to have this or a larger difference in significance
between the reconstruction and production levels is 43%.
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measure the asymmetry Al
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cedure to measure Al
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tical to that for AFB. Figure 4 shows the distribution of qlyl.
In simulated t!t events, the correlation between qlyl and the
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formed using a fit for events selected with an additional
requirement of jylj< 1:5, as described below. The results
of the fit are given in Table V.
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tion and accurate determination of electric charge, making
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section, statistical uncertainties are obtained from ensem-
bles generated according to MC@NLO predictions.
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are added in quadrature to yield the total systematic un-
certainties. In Tables VII and VIII we list the systematic
uncertainties in the following categories:
(i) Jet reconstruction (reco): this includes the jet recon-

struction and identification efficiencies, as well the
efficiency of the two tracks requirement described in
Sec. III. We also include the effect of the multiple p !p
collisions within the same bunch crossing that can
yield additional jets. The efficiencies in simulation
are set equal to those measured in data using a dijet
sample.

(ii) Jet energy measurement: the jet energy scale (JES)
is measured using dijet and photonþ jet samples

TABLE V. Numbers of events in data, results of fits for sample composition and Al
FB, and predictions for Al

FB. The asymmetries are
given at reconstruction level, with their total uncertainties. The sample compositions are given with the fit uncertainties.
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TABLE VI. Lepton-based asymmetries.
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FIG. 3: Constraint from the LHC tt̄ + j search on the
W ′boson. The parameter space above the solid blue line is
excluded by the ATLAS data with 0.7 fb−1 of integrated lu-
minosity at a 2σ level. We also show the expected exclusion
curve (the dashed red line) with 5 fb−1 of integrated luminos-
ity.
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FIG. 4: Exclusion level (in percent) of the W ′ model from a
simultaneous fit of three experimental observables.

for the right-handed W ′ model. The confidence region
is calculated from the χ2 cumulative distribution with 1
degree of freedom. The result is shown in Fig. 4. A si-
multaneous fit excludes a right-handedW ′ model at more
than a 97% confidence level (C.L.). While At

FB provides
tension with the standard model at the Tevatron, a simul-
taneous fit for all three measurements is only excluded at
the 92% C.L.. In other words, the standard model agrees
better with data than the attempted W ′ boson fix.

IV. CONCLUSIONS

We study a right-handed W ′ model which has been
suggested as an explanation of the Tevatron tt̄ forward-
backward asymmetry anomaly in the context of recent
measurements from the Large Hadron Collider. Mea-
surements of inclusive tt̄ production constrain this W ′

model, because a W ′ boson would induce extra tt̄ + j
events. We find that the values of the W ′ mass and cou-
pling V ′

td required to fit both σtt̄ and At
FB at Tevatron at

the 2σ level, are excluded at 95% C.L. by measurements
of tt̄j with 0.7 fb−1 of data by the ATLAS Collaboration.
If the full 5 fb−1 data set is analyzed, the measurement
of tt̄j alone will push this limit to more than 3σ. We
also show that a simultaneous fit to three measurements
excludes W ′ bosons as an explanation for the Tevatron
tt̄ forward-backward asymmetry at a 97% C.L..

In addition to the measurements considered here, we
point out the D/0 Collaboration measures the charge
asymmetry of the charged leptons (Al

FB) from top quark
decay in tt̄ events [2]. Due to angular correlations be-
tween the top quark and the charged lepton from its de-
cay, it has been shown that there is a correlation between
At

FB and Al
FB [23] that suggests a light right-handed W ′

boson is preferred by the data. The limits we obtain from
the LHC with 0.7 fb−1 of data are even stronger for light
W ′ bosons (nearly 99% C.L. exclusion) than for heav-
ier W ′ bosons. Adding Al

FB information from D/0 would
further disfavor this W ′ boson model.

We conclude by noticing that even though the W ′

boson only couples to the right-handed top and down
quarks, there are still constraints from flavor physics.
The constraint from B → πK is strong, and the right-
handed W ′ model here may also be constrained by the
branching ratio of rare B decays at the 2σ level [9]. How-
ever, due to a relatively large theoretical uncertainty
for the B decays (even for the standard model predic-
tion [38]), the direct production limit we present from
collider physics is needed to exclude this right-handed
W ′ model.
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be t!tþ j (see Fig. 2). This signal can easily be checked at
the LHC [7,11,16]. Both the ATLAS [31–33] and CMS
[34] collaborations have published results of the inclusive
and t!tþ n-jet cross section measurements.

The strongest constraint on our model comes from the
dilepton decay mode of top quark pair production mea-
sured by ATLAS [31] using an integrated luminosity of
0:70 fb1. The topology of the final state is an opposite-sign
dilepton pair with three jets and large missing
transverse energy E6 T . We simulate detector effects by
smearing jets and leptons with an energy resolution
parametrized by !E

E ¼ affiffiffi
E

p # b; where a ¼ 0:5, b ¼ 0:03

for jets [35], a ¼ 0:1, b ¼ 0:02 for electrons [35,36], and
a ¼ 0:04, b ¼ 0 for muons [37]. We calculate the missing
transverse energy E6 T after smearing from the imbalance of
the reconstructed jets and leptons. To compare with the
ATLAS t!tþ j analysis, we add cuts on the smeared events
as follows:

(i) Electrons: pTe > 25 GeV, j"ej< 1:37 or 1:52<
j"ej< 2:47;

(ii) Muons: pT# > 20 GeV, j"#j< 2:5;
(iii) Jets: pTj > 25 GeV, j"jj< 2:5;
(iv) "Rjj > 0:4, "Rej > 0:4, "R#j > 0:4, "R## >

0:3, "Re# > 0:2, "Ree > 0:2;
(v) and the invariant mass of the charged leptons

mll > 15 GeV.

After acceptance cuts, different cuts are added to ee and
##, or e# events.
(i) For ee and## events, the missing transverse energy

E6 T > 60 GeV, andmll must differ by at least 10 GeV
from the Z0-boson mass.

(ii) For e# events, the scalar sum of the transverse
momenta of jets and leptons HT > 130 GeV.

We compare our result with the ATLAS data shown in
Fig. 1(a) of Ref. [31]. There will be a contribution from
higher-order corrections to tW 0 þ jets if some of the par-
tonic jets are merged by the jet reconstruction algorithm.
The tW 0 process could also be detected in events with more
than three jets due to initial state radiation and final state
radiation. To mimic these effects on acceptance, we rescale
our calculation by comparing our SM t!tþ j results from
MADEVENT 5 (with cuts and smearing) to the theoretical
prediction (after cuts) used in Ref. [31]. All of the new
physics results are rescaled by this same factor and then
compared with the data. We note that the observed event
number by ATLAS is a little larger than the SM prediction,
which slightly weakens the constraint we extract from the
data.
In Fig. 3 we show the allowed parameter space consis-

tent with the Tevatron forward-backward asymmetry
anomaly, and the independent 2$ bound on V 0

td we extract
from the fit to ATLAS data. We see that already with the
first 0:7 fb1 fb$ 1 data, the 1$ region of parameter space
consistent with the Tevatron At

FB is completely excluded at
greater than a 95% C.L. Below 600 GeV the 2$ region of
parameter space is also excluded at 95% C.L.
In the process we are examining, $ðpp ! tW 0 ! t!tdÞ /

V02
td, the cross section significance S=

ffiffiffiffi
B

p
scales like

ffiffiffiffi
N

p
,

FIG. 2. The Feynman diagrams of t!tþ j production in this W0

model.
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FIG. 1 (color online). Region of W0 coupling V0
td vs W 0 mass

consistent with Tevatron measurements of the t!t asymmetry.
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FIG. 3 (color online). Constraint from the LHC t!tþ j search
on theW0boson. The parameter space above the solid blue line is
excluded by the ATLAS data with 0:7 fb$1 of integrated lumi-
nosity at a 2$ level. We also show the expected exclusion curve
(the dashed red line) with 5 fb$1 of integrated luminosity.
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Figure 3. The shaded area is the exclusion region at 95% CL as a function of Z� mass and right
handed couplings fR (see the Lagrangian of eq. (1)). We also show the region of parameter space
consistent with the Tevatron measurements of AFB and σ(tt) as inferred in ref. [10].

The Lagrangian of eq. (1) has two parameters, MZ� and fR. At very large values of
MZ� this lagrangian becomes equivalent to L = −1

2
CRR
Λ2 [uRγµtR][uRγµtR] + h.c. [34, 35],

with CRR
Λ2 = 2g2

W f2
R

M2
Z�

. Using the fR limit calculated at MZ� = 2 TeV, which is the highest

value of the Z�-mass considered in our analysis, we set a limit CRR
Λ2 < 2.7 TeV−2 at 95%

confidence level. This bound is more stringent than that recently reported by CDF: CRR
Λ2 <

3.7 TeV−2 [36].
In summary, we have established a limit on tt production in pp collisions at

√
s =

7 TeV, based on a search for same-sign dileptons. Our bound can be used to test models
of new physics with massive Z� bosons that have been proposed to explain the Tevatron
measurements of the pp → tt forward-backward asymmetry. Our result disfavours this
FCNC interpretation.
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be t!tþ j (see Fig. 2). This signal can easily be checked at
the LHC [7,11,16]. Both the ATLAS [31–33] and CMS
[34] collaborations have published results of the inclusive
and t!tþ n-jet cross section measurements.

The strongest constraint on our model comes from the
dilepton decay mode of top quark pair production mea-
sured by ATLAS [31] using an integrated luminosity of
0:70 fb1. The topology of the final state is an opposite-sign
dilepton pair with three jets and large missing
transverse energy E6 T . We simulate detector effects by
smearing jets and leptons with an energy resolution
parametrized by !E

E ¼ affiffiffi
E

p # b; where a ¼ 0:5, b ¼ 0:03

for jets [35], a ¼ 0:1, b ¼ 0:02 for electrons [35,36], and
a ¼ 0:04, b ¼ 0 for muons [37]. We calculate the missing
transverse energy E6 T after smearing from the imbalance of
the reconstructed jets and leptons. To compare with the
ATLAS t!tþ j analysis, we add cuts on the smeared events
as follows:

(i) Electrons: pTe > 25 GeV, j"ej< 1:37 or 1:52<
j"ej< 2:47;

(ii) Muons: pT# > 20 GeV, j"#j< 2:5;
(iii) Jets: pTj > 25 GeV, j"jj< 2:5;
(iv) "Rjj > 0:4, "Rej > 0:4, "R#j > 0:4, "R## >

0:3, "Re# > 0:2, "Ree > 0:2;
(v) and the invariant mass of the charged leptons

mll > 15 GeV.

After acceptance cuts, different cuts are added to ee and
##, or e# events.
(i) For ee and## events, the missing transverse energy

E6 T > 60 GeV, andmll must differ by at least 10 GeV
from the Z0-boson mass.

(ii) For e# events, the scalar sum of the transverse
momenta of jets and leptons HT > 130 GeV.

We compare our result with the ATLAS data shown in
Fig. 1(a) of Ref. [31]. There will be a contribution from
higher-order corrections to tW 0 þ jets if some of the par-
tonic jets are merged by the jet reconstruction algorithm.
The tW 0 process could also be detected in events with more
than three jets due to initial state radiation and final state
radiation. To mimic these effects on acceptance, we rescale
our calculation by comparing our SM t!tþ j results from
MADEVENT 5 (with cuts and smearing) to the theoretical
prediction (after cuts) used in Ref. [31]. All of the new
physics results are rescaled by this same factor and then
compared with the data. We note that the observed event
number by ATLAS is a little larger than the SM prediction,
which slightly weakens the constraint we extract from the
data.
In Fig. 3 we show the allowed parameter space consis-

tent with the Tevatron forward-backward asymmetry
anomaly, and the independent 2$ bound on V 0

td we extract
from the fit to ATLAS data. We see that already with the
first 0:7 fb1 fb$ 1 data, the 1$ region of parameter space
consistent with the Tevatron At

FB is completely excluded at
greater than a 95% C.L. Below 600 GeV the 2$ region of
parameter space is also excluded at 95% C.L.
In the process we are examining, $ðpp ! tW 0 ! t!tdÞ /

V02
td, the cross section significance S=

ffiffiffiffi
B

p
scales like

ffiffiffiffi
N

p
,

FIG. 2. The Feynman diagrams of t!tþ j production in this W0

model.

 (GeV)W’m
200 300 400 500 600 700 800 900 1000

’
td

V

0

1

2

3

4

5

6

7

8

9

10

 regionσ1
 regionσ2

FIG. 1 (color online). Region of W0 coupling V0
td vs W 0 mass

consistent with Tevatron measurements of the t!t asymmetry.

 (GeV)W’m
200 300 400 500 600 700 800 900 1000

’
td

V

0

1

2

3

4

5

6

7

8

9

10
)-1j constraint from LHC (0.7fbtt

)-1j constraint from LHC (5fbtestimation of t
 regionσ1

 regionσ2

FIG. 3 (color online). Constraint from the LHC t!tþ j search
on theW0boson. The parameter space above the solid blue line is
excluded by the ATLAS data with 0:7 fb$1 of integrated lumi-
nosity at a 2$ level. We also show the expected exclusion curve
(the dashed red line) with 5 fb$1 of integrated luminosity.
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HOW TO CHECK THESE MODELS?
 Which kind of new physics model is favored by Tevatron?
 It was suggested to measure the lepton forward backward 

asymmetry from top quark decay. (PRD84, 074034, D. Krohn, T. 
Liu, J. Shelton and L.-T Wang)

14

for t-channel right-handed models and s-channel axially-
coupled models (see also [10]).

While the correlation between the lepton asymmetries
A‘

FB, A!‘
FB and the top forward-backward asymmetry

At
FB is less direct than a direct measurement of the

top polarization through the top rest frame variable
of Eq. (2), the lepton asymmetry does not require recon-
struction of rest frames and can, therefore, provide a
cleaner probe of the system. Moreover, as the lepton is
not colored, a measurement of the lepton asymmetry
allows for easier comparison to predictions from next-to-
leading order QCD.4 In the absence of any polarization, a
given top asymmetry At

FB will produce a mildly reduced
A‘

FB. Left-handed tops, however, will yield a much re-
duced A‘

FB, while for right-handed tops, the leptonic
asymmetry is comparable to or greater than the parent
top asymmetry. If the tops are sufficiently forward so that
finite lepton acceptance becomes relevant (i.e. if the top is
sufficiently forward, then events which would contribute
to the asymmetry will not pass selection cuts—we will
see this for the W 0 model), then this conclusion will
not hold.

In the following subsections, we consider semileptonic
and dileptonic tops at the Tevatron in more detail, focusing
on lepton charge asymmetries. All results are simulated
using the full 2 ! 6 matrix elements of t"t production, as
computed in MADGRAPH [18].

A. Semileptonic tops

For semileptonic tops, we impose selection cuts after
[2], requiring: a charged lepton with j!j< 1:0 and pT‘ >
20 GeV; at least four jets with pTj > 40 GeV and j!j<
2:0; and missing energy 6ET > 20 GeV. Further, at least
one jet must be b-tagged, which means the tagged jet must
be central, j!bj< 1:0. After these cuts, nontop background
is less than Oð20%Þ of remaining events; we neglect it
here. In what follows, we will present results with statisti-
cal errors derived from the published number of events
measured at CDF.
In Table IV, we compare the leptonic charge asymmetry

to the parent top asymmetry in our reference models. The
contribution to the asymmetries from LO SM t"t is zero for
all asymmetries even after selection cuts. We quote statis-
tical significance of the leptonic asymmetries based on the
number of events observed in 5:3 fb#1. By the end of the
Tevatron’s run, twice this amount of data will be available
(for each experiment); as the statistical uncertainties scale
approximately as 1=

ffiffiffiffi
N

p
, the maximum statistical reach of

the Tevatron is larger by nearly a factor of 2 (after combin-
ing the data of both experiments).
Unsurprisingly, the lepton asymmetry in the CM frame

is a more sensitive probe than the lab-frame lepton asym-
metry. However, we emphasize that even the simple lab
frame variable, which requires no leptonic top reconstruc-
tion and is consequently free of many systematics, can
(1) help to establish the existence of an asymmetry incon-
sistent with SM predictions, and (2) begin to distinguish
between competing models for the asymmetry.5

The relationship between the lepton asymmetry and the
parent top asymmetry is a distinctive feature of the models:
for the axi-gluon models, which have similar top kinemat-
ics, the asymmetry is slightly reduced due to kinematics for
GA, dramatically reduced for GL, and enhanced for GR.
The W 0, although similar to the GR in yielding a higher
proportion of right-handed tops, shows proportionally less
of an enhancement of the lepton asymmetry; this is because
the W 0 produces tops which are more forward, where
limited y acceptance for leptons causes events to fail
acceptance cuts.
In Table IV, it is evident that the W 0 model can be

distinguished from both the SM and the other reference
models at * 3". Our reference models GR and W 0 predict
similar central values for the lepton asymmetries but larger
top asymmetries for theW 0 model. With the cuts in [2], the
CM-frame top asymmetries differ by nearly 3" for GR and
W 0. The full anticipated Tevatron data set allows a lepton
asymmetry to be established at more than 3" for all models

FIG. 1 (color online). Distributions of the rapidity difference
ytop # y‘ for right-handed (red, dotted), left-handed (blue,

dashed) and unpolarized (black, solid) tops for fixed top kine-
matics as determined by the top boost #t and CM-frame
production angle cos$t.

4Thanks to K. Melnikov for emphasizing this point.

5Defining the visible mass as the invariant mass of the lepton
plus the 4 hard jets identified as the visible t"t decay products
enables efficient isolation of high

ffiffiffi
s

p
events without reconstruct-

ing the leptonic top. Using a high visible mass bin mvis >
375 GeV yields a comparable enhancement to using a high total
mass bin mt"t > 450.

KROHN et al. PHYSICAL REVIEW D 84, 074034 (2011)

074034-4

with a small velocity, precisely where contributions from
BSM physics are smallest relative to the standard model.
Top polarization from new physics will be larger at higher
invariant mass where the helicity basis is better suited. The
off-diagonal basis, which interpolates between the beam
basis and the helicity basis, is intermediate in sensitivity.

The lepton polarization angle cos!‘ has the nice feature
that it is completely uncorrelated with the kinematics of the
parent tops as it is measured in the top rest frame. However,
reconstructing this frame is nontrivial and can be difficult.
It is possible to define other variables which use the same
underlying information but may prove more flexible. One
especially interesting variable is the leptonic charge asym-
metry [3,15]

A ‘
FB ¼ Nðq‘y‘ > 0Þ $ Nðq‘y‘ < 0Þ

Nðq‘y‘ > 0Þ þ Nðq‘y‘ < 0Þ (3)

in semileptonic events. The charged lepton rapidity (in
either the lab or the CM frame) depends on the velocity
"t and CM-frame production angle cos!t of the semilep-
tonic top, as well as on cos!‘ but is independent of the
lepton energy in the top rest frame (as the lepton is effec-
tively massless, and so the energy only changes the mag-
nitude of its four vector). Thus, the lepton asymmetry of
Eq. (3) is an alternate measure of the lepton polarization: it
contains additional information about the top production
mechanism, beyond the information in the top AFB. We
illustrate the relationship between top and lepton rapidities
in Fig. 1. For dileptonic tops, one can define the dileptonic
charge asymmetry,

A !‘
FB ¼ Nððy‘þ $ y‘$Þ> 0Þ $ Nððy‘þ $ y‘$Þ< 0Þ

Nððy‘þ $ y‘$Þ> 0Þ þ Nððy‘þ $ y‘$Þ< 0Þ ; (4)

which is frame-independent. As can be seen in Fig. 1, the
dependence of lepton rapidity on parent top polarization is
enhanced in the forward regions. Therefore, a new source
of right-handed tops which preferentially populates high
rapidity regions will lead to a significant enhancement of
forward leptons. As central lepton acceptance at the
Tevatron extends only to j#j< 1:1, this can lead to marked
acceptance differences between BSM and SM tops, as well
as differences between the BSM models themselves. In
particular, acceptances need to be understood separately

TABLE III. Net polarization P off-d in the off-diagonal basis at
the Tevatron.

Semileptonic Dileptonic
sel. cuts mt"t >450GeV sel. cuts mt"t >450GeV

SM $14% (3%) $15% (5%) $17% (6.5%)$17% (10%)
GA $15% $15% $17% $17%
GL $11% $7% $13% $10%
GR $17% $19% $20% $23%
W 0 $24% $30% $24% $30%

TABLE II. Net polarization P b in the beam basis at the
Tevatron.

Semileptonic Dileptonic
sel. cuts mt"t > 450 GeV sel. cuts mt"t > 450 GeV

SM $3% (3%) $9% (5%) $8% (6.5%) $14% (10%)
GA $5% $10% $5% $7%
GL $2% $3% 7% 9%
GR $6% $13% $17% $25%
W 0 $11% $19% $12% $21%

TABLE I. Net polarization P h in the helicity basis at the
Tevatron. We note that, in the SM, at tree level, these asymme-
tries are all zero. In parentheses are 1$ statistical uncertainties,
which are centered on an asymmetry measurement centered
about the predicted SM value, assuming 5:3 fb$1 (semileptonic)
or 5:1 fb$1 (dileptonic). Note that the effects of the differing
semileptonic and dileptonic selection cuts are small.

Semileptonic Dileptonic
sel. cuts mt"t > 450 GeV sel. cuts mt"t > 450 GeV

SM 4% (3%) 7% (5%) 4% (6.5%) 6% (10%)
GA 5% 7% 5% 7%
GL 2% $1% 1% $1%
GR 8% 12% 8% 12%
W 0 15% 22% 14% 21%

TABLE IV. BSM contributions to the parton level t"t and
leptonic asymmetries after imposing CDF semileptonic accep-
tance cuts. Lepton asymmetries computed using both the lab and
CM-frame lepton rapidities are shown. We note that, in the SM,
at tree level, these asymmetries are all zero. Statistical signifi-
cances of the leptonic asymmetries are based on the number of
events observed in [2].

frame and mass range t"t asymmetry
Lepton

asymmetry
stat. sig.
(5:3 fb$1)

GA lab, sel. cuts 9% 4% 1.1
lab, mt"t > 450 GeV 17% 9% 1.9

CM, sel. cuts 12% 6% 1.7
CM, mt"t > 450 GeV 19% 12% 2.4

GL lab, sel. cuts 7% $3% 0.9
lab, mt"t > 450 GeV 14% $1% 0.2

CM, sel. cuts 13% $4% 1.4
CM, mt"t > 450 GeV 20% $3% 0.6

GR lab, sel. cuts 9% 12% 3.9
lab, mt"t > 450 GeV 14% 18% 5

CM, sel. cuts 9% 16% 3.5
CM, mt"t > 450 GeV 15% 22% 4.4

W 0 lab, sel. cuts 15% 13% 3.9
lab, mt"t > 450 GeV 26% 22% 4.9

CM, sel. cuts 20% 16% 4.4
CM, mt"t > 450 GeV 31% 26% 5.3

POLARIZED VIEW OF THE TOP ASYMMETRY PHYSICAL REVIEW D 84, 074034 (2011)

074034-3

Qualitatively, there 
are more lepton in 
forward region due to 
the top decay spin 
correlation.
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HOW TO CHECK THESE MODELS?
 Which kind of new physics model is favored by Tevatron?
 D0 collaboration gives the lepton charge asymmetry!

 For the same top quark distribution, left-handed top quark 
and right-handed top quark will lead to different lepton charge 
asymmetry. 

 I will explain how the lepton AFB provides new insight to new 
physics. 15

At
FB = 0.196± 0.065

A�
FB = 0.152± 0.040

A�
FB

At
FB

∼ 75%

At
FB = 0.051± 0.001

A�
FB = 0.021± 0.001

A�
FB

At
FB

∼ 40%

SM: D0:
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Top quark leptonic decay and 
spin information
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TOP LEPTONIC DECAY
 In the top quark rest frame

 In helicity basis, the momentum direction of left(right)-
handed top quark is opposite (same) to the top quark spin 
direction

17
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 When top quark is boosted, the differential decay 
spectrum according to the angle between the top quark 
moving direction and the lepton momentum in the LAB 
frame is  ( β = v/c )

18
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TOP LEPTONIC DECAY
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 When top quark is boosted, the differential decay 
spectrum according to the angle between the top quark 
moving direction and the lepton momentum in the LAB 
frame is  ( β = v/c )
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TOP LEPTONIC DECAY
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 When top quark is boosted, the differential decay 
spectrum according to the angle between the top quark 
moving direction and the lepton momentum in the LAB 
frame is  ( β = v/c )

18

TOP LEPTONIC DECAY
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 The question is: when we know the configuration of the 
top quark, what is the probability of the lepton in the 
forward (backward) region?

19
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 We can define a probability density function (p.d.f) of the 
lepton distribution 

20

TOP LEPTONIC DECAY
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 We can define a probability density function (p.d.f) of the 
lepton distribution 

20

 General properties of the p.d.f 

(1) RF |yt=0 = 0.5,

(2) RF (−yt) = 1−RF (yt) ,

(3) RF |Et→∞ → Θ (yt) ,

(4) RF |λt=+ � RF |λt=−, for yt � 0.

TOP LEPTONIC DECAY
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 We can define a probability density function (p.d.f) of the 
lepton distribution 
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 We can define a probability density function (p.d.f) of the 
lepton distribution 

20

RF (β,−yt) = 1−RF (β, yt)

TOP LEPTONIC DECAY
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TOP LEPTONIC DECAY

ThresholdThresholdThreshold

t
y-1 0 1

F
R

0

0.5

1

Rt
Lt

=400GeVtE

t
y-0.4213 0 0.4213

F
R

0

0.5

1
Rt
Lt

=190GeVtE

t
y-0.5 0 0.5

F
R

0

0.5

1

Rt
Lt

=225GeVtE

]2 [GeV/cttUnfolded M
0 200 400 600 800 1000 1200 1400

10

210

Unfolded

tt
-1 2.7 fb L CDF II Data, 

CDF II Preliminary

Threshold

Mtt  ~ 450GeV

Highly boosted

Friday, July 13, 2012



Hao Zhang (ANL / IIT)                          

21

TOP LEPTONIC DECAY

ThresholdThresholdThreshold

t
y-1 0 1

F
R

0

0.5

1

Rt
Lt

=400GeVtE

t
y-0.5 0 0.5

F
R

0

0.5

1

Rt
Lt

=225GeVtE

]2 [GeV/cttUnfolded M
0 200 400 600 800 1000 1200 1400

10

210

Unfolded

tt
-1 2.7 fb L CDF II Data, 

CDF II Preliminary

Threshold

Mtt  ~ 450GeV

Highly boosted

Friday, July 13, 2012



Hao Zhang (ANL / IIT)                          

21

TOP LEPTONIC DECAY

ThresholdThresholdThreshold

t
y-1 0 1

F
R

0

0.5

1

Rt
Lt

=400GeVtE

t
y-0.4213 0 0.4213

F
R

0

0.5

1
Rt
Lt

=190GeVtE

t
y-0.5 0 0.5

F
R

0

0.5

1

Rt
Lt

=225GeVtE

]2 [GeV/cttUnfolded M
0 200 400 600 800 1000 1200 1400

10

210

Unfolded

tt
-1 2.7 fb L CDF II Data, 

CDF II Preliminary

Threshold

Mtt  ~ 450GeV

Highly boosted

Friday, July 13, 2012



Hao Zhang (ANL / IIT)                          

21

TOP LEPTONIC DECAY

ThresholdThresholdThreshold

t
y-1 0 1

F
R

0

0.5

1

Rt
Lt

=400GeVtE

t
y-0.4213 0 0.4213

F
R

0

0.5

1
Rt
Lt

=190GeVtE

]2 [GeV/cttUnfolded M
0 200 400 600 800 1000 1200 1400

10

210

Unfolded

tt
-1 2.7 fb L CDF II Data, 

CDF II Preliminary

Threshold

Mtt  ~ 450GeV

Highly boosted

Friday, July 13, 2012



Hao Zhang (ANL / IIT)                          

21

TOP LEPTONIC DECAY
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From top AFB to lepton AFB
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FROM TOP AFB TO LEPTON AFB
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 When we know the top quark AFB and the final state 
ttbar distribution, how to estimate the lepton AFB?

Friday, July 13, 2012



� ∞

−∞
dy =

� ∞

0
dy +

� 0

−∞
dy

A�
FB =

�

λ=+,−

�
Θ (yt)

�
2Rλ

F (β, yt)− 1
� 1

σ

�
d2σ|λt=λ

dβdyt

����
yt

− d2σ|λt=λ

dβdyt

����
−yt

�
dβ ∧ dyt

=
�

λ=+,−

�
Θ (yt)

�
2Rλ

F (β, yt)− 1
�
∆λ (β, yt)dβ ∧ dyt

Hao Zhang (ANL / IIT)                          

FROM TOP AFB TO LEPTON AFB
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 The integration over rapidity can be separated into two 
parts:

 By definition

 So we have

RF (β,−yt) = 1−RF (β, yt)
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FROM TOP AFB TO LEPTON AFB

25

 Top quark in phase space

 Normalized differential forward-backward asymmetry 
for the top!

y

Z (E, pT, β, ...)
δnF

δnB

δZ

δy
Δ(Z, y) = lim (δnF-δnB)/(n δy δZ)

δy→0, δZ→0

Friday, July 13, 2012



Hao Zhang (ANL / IIT)                          

FROM TOP AFB TO LEPTON AFB
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�

λ=+,−

�
Θ (yt)∆

λ (β, yt) dβ ∧ dyt

 Without the weight function 2RF-1

is “the top quark AFB”.

 If the dominant contribution to Δ is from large boost 
region, 2RF-1→1, lepton AFB ≈ top AFB.

 Right-handed top quarks will give larger lepton AFB. The 
difference from the left-handed top quarks is larger if the 
dominant contribution to Δ is from threshold region.
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FROM TOP AFB TO LEPTON AFB
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FROM TOP AFB TO LEPTON AFB
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�

λ=+,−

�
Θ (yt)∆

λ (β, yt) dβ ∧ dyt

 Without the weight function 2RF-1

is “the top quark AFB”.

 If the dominant contribution to Δ is from large boost 
region, 2RF-1→1, lepton AFB ≈ top AFB.

 Right-handed top quarks will give larger lepton AFB. The 
difference from the left-handed top quarks is larger if the 
dominant contribution to Δ is from threshold region.

 Special case, if the dominant contribution to Δ is from 
threshold region and the top quarks are nearly all left-
handed, a “+” top quark AFB will lead to a “-” lepton AFB.
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FROM TOP AFB TO LEPTON AFB
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 For the SM, we have equal number of left-handed and 
right-handed top quarks in the final state.

 The dominant contribution is from the top quarks with 
energy around 200GeV, 

           left-handed: 2RF-1≈ 0
           right-handed: 2RF-1≈ 0.8
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WHAT COULD WE LEARN?

28

 The D0 result

 Two possibilities:
(1) If the contribution to AFB is threshold region dominant, 
the new physics must produce more right-handed top quark
(2) Or the contribution to AFB must be from highly boosted 
region. But...

At
FB = 0.196± 0.065

A�
FB = 0.152± 0.040

A�
FB

At
FB

∼ 75%

D0:

Data needs larger 2RF-1 than the SM !!
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Two examples of 
New Physics Models
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L = gs
�
glq̄γ

µγ5q + ghQ̄γµγ5Q
�
G�

µ
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TWO EXAMPLES (I). AXIGLUON
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 The interaction of the axigluon is chosen to be

 Some properties of axigluon model

(1) Interference term (INT) gives top AFB ∝-gl gh, does not 
change the total xsec
(2) Should be heavy to satisfy the ttbar invariant mass 
spectrum and total cross section
(3) Pure new physics contribution (NP) is suppressed by 
the propagator
(4) Equal number of left-handed and right-handed top 
quarks in final state from the new physics
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At

FB =
nF − nB

nF + nB

=
nSM NLO

F
+ nwith NP

F
− nSM NLO

B
− nwith NP

B

nSM NLO + nwith NP

=
nSM NLO

F
+ nNP

F
− nSM NLO

B
− nNP

B

nSM NLO + nNP − nSM LO

=At

FB |SM × σSM NLO

σSM NLO + σNP − σSM LO

+At

FB |NP × σNP

σSM NLO + σNP − σSM LO
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 Assuming -gl =gh, we scan the parameter space using 
MadGraph5 and BRIDGE to fit the total cross section and 
the top AFB.

 D0 gives the unfolded result.
 We combine the new physics contribution and the NLO 

SM contribution:
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FB � 0.47×At
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 Requiring both the top AFB and the total cross section within 
1σ, we show the correlation between top and lepton AFB

 (%)t
FBA
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(1400GeV,1600GeV)

(1600GeV,2500GeV)

(a) Large mass 
axigluon can fit the 
data better, because 
the contribution 
from boosted tops is 
larger.

 Basically, an 
axigluon will give a 
small increase in the  
lepton AFB.
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 The distribution function Δ

 In order to get the lepton AFB, we have to convolute this 
distribution with 2RF-1 

 On the right-hand side of the dashed red line, the weight 
function 2RF-1>50%
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L = g2gRd̄γ
µPRtW

�
µ + h.c.
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 The interaction of the pure right-handed W’ is chosen to 
be

 Some properties of W’ model
(1) Both interference term and pure new physics term 
contribute to the AFB
(2) There is a cancellation between the  contribution to 
the ttbar total cross section from interference term and 
pure new physics term 
(3) More right-handed top quarks in final state
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 Low mass W’ can 
fit the data better, 
because the 
contribution from 
NP is larger.

 W’ model will give 
a large increase in 
the  lepton AFB.
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A�
FB � 0.75×At

FB − 2.1%

TWO EXAMPLES (II). W’
 Requiring both the top AFB and the total cross section within 

1σ, we show the correlation between top and lepton AFB
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 The distribution function Δ

 On the right-hand side of the dashed red line, the weight 
function 2RF-1>50%

 Comparing with the unpolarized case, the red dashed line 
moves to the left
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Conclusion and Outlook
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 We study the kinematic and dynamic aspects of the 
relationship between the top AFB and lepton AFB based on the 
spin correlation between charged leptons and the top quark 
with different polarization states.

 Owing to the spin correlation in top quark decay, they are 
strongly positively correlated for right-handed top quarks.

 For left-handed top quarks, the correlation depends on the 
energy of the top quark.

 Data from D0 collaboration shows a relatively large positive 
correlation. 

 So a new physics model that predicts more right-handed top 
quarks is favored by this new result!

CONCLUSION

Phys. Rev. Lett. 108, 072002
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 The error bar is still large

 It is necessary to analyze more data from the Tevatron to 
reduce this uncertainty.

OUTLOOK

A�
FB

At
FB

����
D0

= 78± 33%
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reduce this uncertainty.

OUTLOOK
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FB
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D0

= 78± 33%

How about the LHC?
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 It is more difficult to measure the top AFB at the LHC
(1) pp collider
(2) gg initial state dominant
(3) for qqbar initial state process, the c.m.s and then the top 
quark is boosted. The difference between left-handed and 
right-handed top is smaller at the LHC

LHC NOW
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Att̄
C ≡ N(|yt|− |yt̄| > 0)−N(|yt|− |yt̄| < 0)

N(|yt|− |yt̄| > 0) +N(|yt|− |yt̄| < 0)

A��
C ≡ N(|y�+ |− |y�− | > 0)−N(|y�+ |− |y�− | < 0)

N(|y�+ |− |y�− | > 0) +N(|y�+ |− |y�− | < 0)

Att̄
C = 0.029± 0.018(stat.)± 0.014(syst.)

A��
C = 0.023± 0.012(stat.)± 0.008(syst.)

ATLAS-CONF-2012-057

Att̄
C = 0.004± 0.010(stat.)± 0.011(syst.)

CMS Collaboration, arXiv: 1207.0065
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LHC NOW

 It is possible to obtain an estimation of AFB at the LHC by 
extrapolating from the Tevatron result and applying the gg 
dilution.

Estimate this way is about 10%, in agreement with ATLAS.
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Thank	 you!
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